This paper presents a novel method to prepare stretchable conductors and pressure sensors based on the gold/polydimethylsiloxane (PDMS) system. The gold films were sputtered onto structured PDMS surfaces produced with a photolithographic surface treatment with the aim of reducing tensile strains in the gold film. Scanning electron microscopy (SEM) and atomic force microscopy analyses showed that these 3D patterns reduce cracks and delaminations in the gold film. Electrical measurements indicate that the patterns also protect the films against repeated tensile cycling, although the un-patterned samples remained conducting as well after the completion of 120 cycles. The extrapolated resistivity value of the patterned sample (4.5 × 10 −5 cm) compares well with previously published data. SEM micrographs indicate that the pattern features deflect the cracks and therefore toughen the gold film. However, x-ray photoelectron spectroscopy and contact angle analyses indicate that the patterning process also slightly modifies the surface chemistry. This patterning method was used to prepare capacitive strain gauges with pressure sensitivity ( Z/Z)/P of 0.14 kPa −1 in the sub-kPa regime. Such stretchable and potentially conformal low-pressure sensors have not been produced before and could prove advantageous for many smart fabric applications.
Introduction
Current flextronics systems available commercially are based on thermo-plastics like polyimide, can only bear strains of a few per cent and hence can flex but not stretch. Having a truly stretchable electronic circuit would be advantageous for many low-pressure sensing applications where the sensing element must be integrated into fabrics or textile components.
Stretchable conductors have been prepared with conducting polymers [1] , doped elastomers [2] or more simply metal films on elastomeric substrates, like gold on PDMS; this last option has shown the best results to date in terms of conduction, tensile behaviour and stability [3] [4] [5] .
The challenge nonetheless is that the metal films are laced with cracks. This results from the large thermo-mechanical dissimilarities between the two materials and the ensuing strains, either built-in from the post-metal deposition cooling or from applied stresses. A significant work has been directed at modelling and testing optimized electrode layouts, such as the horseshoe design, to minimize in-plane strains [6] . However, to date, there has been scarce effort to understand and control perpendicular strains and optimize the metal/elastomer interface.
In this paper, a novel approach is presented which uses photolithography to define bi-sinusoidal surface structures on the elastomeric substrate before depositing the gold layer. This results in strain compensation and crack deflection in the two planar directions. Others used a similar method for uni-axial compensation [7] ; obviously, its generalization to a bi-axial geometry makes it more applicable to stretchable conductor applications. These improved conductors were used to build a prototype compliant and a conformal pressure sensor with sub-kPa sensitivity.
Experimental details

Material and device preparation
The PDMS (CH 3 [Si(CH 3 ) 2 O] n Si(CH 3 ) 3 ) sheets were prepared with a two-component Sylgard 184 resin (10% hardener and 90% base), cured at room temperature for 24 h in Perspex casting moulds, cleaned with acetone and dried in nitrogen. The produced sheets are resilient; they can resist a very large number of stretchings at high strain (several 100%), and they are also transparent and smooth (R a ∼ 5 nm for 2 × 2 μm 2 AFM images) with typically ∼1 mm thickness. The process steps to form the stretchable conductors are shown in figure 1(a). A screening study was conducted to optimize the various process parameters (type of SU-8 resist and thickness, spin coating speed, soft bake, exposure time, post-exposure bake, development time, rinse and dry, hard bake). In the first step, a film of the UV sensitive material is applied via spin coating at 3000 rpm which gives a different thickness of SU-8, depending on the viscosity of the photoresist (e.g. for SU-8 50-40 μm, SU-8 3025-25 μm). A soft bake is also carried out at 65 and 95
• C on a hot plate, time varying with the type of SU-8 photoresist, as specified in the SU-8 material data sheet ( figure 1(a), 1) . During the second step, the 3D surface photo-structuring is carried out using either a maskless system (SF 100) or a mask aligner (EVG 620) used in conjunction with a chrome on quartz mask (5 μm features and 5 μm gaps from JD Phototools Ltd.) For both systems, the resist was SU-8 and the illumination source was the i-line (wavelength 365 nm) of a mercury arc lamp with sufficient pre-heating to obtain stable irradiation. The maskless system (SF 100-Intelligent MicroPatterning, LLC Mercury Vapour Lamp) is based on a micro-mirror array (the smart filter- figure 1(b) ). In this study, only two grey levels bitmap masks were generated using the PAINT software from Microsoft Windows. Each pixel of the mask addresses an individual mirror with, for instance, a black pixel corresponding to the light being deflected away from the sample plane. In this way, the pattern of the mask can be replicated onto the sample. The patternable area and ultimate resolution of the system depend respectively on the optical arrangement and the size and number of micro-mirrors. Typically, this results in 200 mm 2 area and 40 μm resolution for both systems. The EVG 620 is a conventional mask aligner system used in a soft contact mode with much higher resolution (<5 μm) and a larger patternable area, ∼8000 mm 2 (exposure time between 10 and 60 s). For both lithographic systems, this photo-exposure is followed by a post-bake, performed as well at 65 and 95
• C. The third step, the development is an essential one. We observed that the application of the developer for short times (∼30 s) by spin coating, hence avoiding immersion and subsequent isopropanol rinsing, results in transparent coupons and better results. It also includes a hard bake, i.e. baking the sample at 150
• C for 10 min on a hot plate. The fourth, fifth and sixth steps of the stretchable conductor preparation process are, respectively, the PDMS casting, PDMS peeling and metal deposition. The aims of this process are (1) to increase the surface length in the two biaxial directions, to reduce surface strain, as demonstrated previously for uniaxial studies [7] ; (2) to obtain features as rounded as possible to diminish high strains around sharp edges.
In this regard, the sinusoidal waveforms shown in figure 1(a) are not gold film ripples due to thermal stress on cooling but instead represent an ordered pattern purposely rounded. In practice, the departure from a square profile (i.e. the original mask) will depend on the process parameters. For the SF 100 lithography, this rounding is obtained by using defocused conditions (in 0.25 mm steps) which give a bisinusoidal pattern. For the EVG 620 system, the rounding is obtained by controlling the mask/resist overlay distance, the exposure time and the post-bake which result in reflow.
In the process above, the post-exposure bake and hard bake are designed to cross-link both exposed and un-exposed SU-8 to produce stable structures. It certainly does this in the bulk but not necessarily so at the surface level. For instance, following development, low molecular weight residues may remain on the surface. In addition, PDMS peeled from SU-8 and glass may present different surface chemistries. Hence to study these effects, a single-feature photolithographic mask was prepared to define two 'large' exposed and unexposed areas (several cm 2 each). The surface of these samples was studied with contact angle measurements and xray photoelectron spectroscopy (XPS) analysis, as discussed below.
The gold films were deposited with a magnetron sputter system using a titanium adhesion layer (∼5 nm Ti and ∼25 nm Au), as described previously [8, 9] . The temperature variation in the chamber was monitored with temperature strips (TMC Hallcrest temperature indicating labels, scale range A, B). During deposition, the temperature increased to ∼60
• C. The deposition was always carried out on the PDMS surface exposed to the mould (glass, exposed SU-8 or un-exposed SU-8) to limit air contamination. The metal film thicknesses were calibrated from the growth rates measured with AFM using a resist pen lift-off technique [10] . A thin-resist pen trace is deposited on the substrate prior to the metallic deposition. After deposition, the sample is sonicated in acetone for 5 min. This results in a metal-free substrate strip with sharp metal edges, and the metal thickness can be measured with an AFM cross-section.
Finally, these stretchable conductors were used to prepare a low-pressure capacitive strain gauge. The full process, shown in figure 2, can be summarized as follows. The bottom PDMS slab was cured on an SU-8 substrate with an active area patterned as an egg box, with four Ag-coated polyimide (PI) strips contacting the egg-box area from the four opposite sides. The PI/PDMS adhesion was strong allowing peeling the cured PDMS/PI stripes ensemble as one cohesive structure ( figure 2-1) . Two of these contacts (top electrodes) were masked (figure 2-2) and the device was gold coated (figure 2-3). All four contacts were masked (figure 2-4), and a 2:1 PDMS-toluene mixture was spin coated at 5000 rpm to produce an 8 μm thick dielectric layer with a flat top surface and a sinusoidal bottom one (figure 2-5). Insignificant weight losses (<0.1 wt.%) were measured after 24 h, indicating that this layer was stable and not leaching out trapped solvent. The two bottom contacts were masked (figure 2-6) and the structure was again gold coated ( figure 2-7) . Finally, masking the four contacts ( figure 2-8) , a final PDMS spin-coating step was carried out to embed the sensor in a protective elastomeric top layer ( figure 2-9) . Figure 2 -10 shows a transversal crosssection of the central sensor region (i.e. active area). This device configuration permitted us to test the ac electrical behaviour of the top electrode, the bottom electrode and the device capacitance using a Solartron impedance/phase analyser operating with a 3 mV rms input signal and calibrated with an 82 pF capacitor. The presented results correspond to the 10 kHz frequency, although Bode and Nyquist plots were also obtained for the full frequency testing range (1-10 3 kHz). The Solartron was also used to test the electrical behaviour of the silver-epoxy contacts used to connect the devices to the instrument. These tests were carried out for various pressures (up to 30 kPa), and applied with calibrated weights over the active area of the sensor. In all, three devices were prepared: one without patterning (U), one patterned without PDMS embedding (P) and one with patterning and with PDMS embedding (PE). As the bulk of this investigation is more focused on the development and analysis of a novel process than the production of devices, only one specimen of the final device was prepared, although a number of other devices were produced albeit with different process parameters, all devices satisfactorily operating as capacitive strain gauges. Moreover, for each sample, at least five electrical measurements were taken, giving standard deviation error bars, as shown in the relevant graphs.
Material analysis
Tensile tests were performed on an Instron 3344 using 'dog bone' coupons (ISO 527-2:1996, 20 mm gauge length). These PDMS coupons had a tensile modulus of ∼1.2 MPa with strain at failure in the excess of 100%. The morphology of the surfaces was examined with optical microscopy, contact profilometry (CP) (Veeco Dektak 8 profiler), atomic force microscopy (AFM, Veeco DI3100 SPM system used in tapping mode) and scanning electron microscopy (SEM, FEI Quanta 3D system or a Hitachi S3200N system). For AFM, the possibility of tip blunting was checked by imaging periodically a standard Nioprobe sample to monitor any eventual change in tip apex geometry. CP was used to examine large features over long scan lengths (∼100 μm and more), whereas AFM microscopy permitted to look at the smaller features. Generally, the tip semi-apex angle was smaller than the surface slopes so that the patterns were correctly measured. The SEM micrographs were obtained mainly at low kV or in low vacuum (∼20 Pa). In addition, an Oxford Instrument Energy Dispersive x-ray (EDX) spectrometer was also used to analyse the composition of the samples.
DI water contact angle (θ ) measurements were carried out at room temperature (KSV Instruments Ltd, Model CAM 200 using 7 μl DI water). The reported θ values represent the average of the left-and right-hand angles measured from three drops deposited onto the samples directly after peeling from the mould.
The electrical measurements of the stretchable conductors were performed during tensile cycling. The tensile test was performed for the patterned and un-patterned samples using Instron 3344 tensile testing system. This permitted better control of mechanical parameters such as load, displacement, loading rate and displacement rate. The test consisted in acquiring slow loading electrical and mechanical data up to 35% strain. The unloading was not machine controlled and therefore was made abruptly. The silver-epoxy electrical contacts were placed on each side of the sample perpendicular to the extension direction cured for 24 h at room temperature and connected to the electrical measuring apparatus (Turnbill dc source with current and voltage across the sample measured independently). Generally, these contacts were satisfactory (<0.5 ). The cycling consisted of acquiring 120 loading cycles at low crosshead speed (strain rate ∼10 −3 s −1 ) up to 35% strain while recording the variations in the electrical resistance upon extension. The 35% strain value was chosen due to the project aim; pressure ulcer prevention where seating area deformations are expected to be <20% [11] .
An XPS system (Kratos Axis Ultra DLD spectrometer) equipped with a monochromatic AlKα x-ray (1486.6 eV) was used to analyse a number of PDMS coupons, as discussed above. These samples were analysed immediately after peeling. The chamber pressure was maintained at < 5 × 10 −8 Torr and surface charging was compensated with a secondary electron gun. Wide energy survey scans (WESS) (0-1300 eV) with a step size of 0.5 eV were used to identify all the elements present in the sample, and specific spectral region of interest was scanned with 0.05 eV step size. When deconvoluting the XPS peaks, the energy scale was calibrated with the 284.4 eV low-energy component of the C1s peak, representative of the siloxane group of PDMS.
Results and discussion
SF 100 maskless system processing
Initially, a viscous photoresist (SU-8 50) was used. It gave thick resist layers (∼20 μm) and high aspect ratio features, as shown in the inset of figure 3(a). The process results in a concentration and organization of the gold film ripples between the pattern features. It also proved difficult to prepare rounded features and cracks developed in the proximity of sharp edges, as shown by the arrows in figure 3(b) .
Therefore thinner resists (SU-8 2000.5 and SU-8 3025) were adopted which yielded patterned gold/PDMS surfaces with fewer cracks and no delaminations. SEM micrographs of the un-patterned and patterned gold/PDMS samples are shown, respectively in figures 4(a) and (b). The un-patterned sample displays the usual arrays of cracks, shown with black arrows in figure 4(a). Two high-magnification insets are shown in figure 4(a) , showing film rippling and contact points (small white arrows) at the jagged edges of compressed cracks, with charging being apparent on the bare PDMS substrate. Ripples are also shown in the inset of figure 4(b) for the patterned sample. Close to the edge, these ripples are aligned and running perpendicular to it, while in the centre of the . The cracks are shown with black arrows. The insets show ripples and contact points at the jagged edges of compressed cracks (white arrows) as well as charging on the PDMS; (c) the distinction between ripples and cracks can be seen from the analysis of an AFM image; (d) force curves showing surface slopes calculating on loading between the two dotted lines crossing the loading segment. These slopes are ∼480 nm V −1 inside the crack and ∼70 nm V −1 outside the crack, respectively (the blue trace is loading, the red trace is unloading). In order to characterize a material from the force curve, the cantilever approached the sample from position A when is free and jumped to contact in position B. The slope of the deflection C provides information on the stiffness of the surface/cantilever system. The adhesion D provides information on the interaction between the probe and sample surface as the probe is trying to break free. samples, they consist of a 3D random pattern of corrugations, as shown in the AFM micrograph figure 5(a) . These effects due to thermal stress on cooling are well established [12] but the distinction between cracks and ripples is not always straightforward and was asserted in this study as follows. Under the AFM tip load, the gold deforms minimally when compared to the PDMS, hence delaminations and cracks can be identified analysing the elasticity of a loading contact with an AFM force curve, as shown in the figures 4(c) and (d). In the present case, the loading elastic compliances are ∼70 and 480 nm V −1 for the region outside and inside the crack, respectively. Alternatively, EDX spot analysis or SEM charging was also used to detect the bare PDMS substrate. Figure 5 shows 80 μm AFM scans of the un-patterned and patterned samples. Percentage increases in surface length were measured in the two perpendicular directions. For the patterned sample, these measurements were carried out across the patterns (ε For the un-patterned sample, the ε value was calculated, firstly, along the x-and y-axes (ε uu x and ε uu y ). It was also calculated as ε b from the calculated surface area difference, using the following formula:
where A surf is the area of the surface and A proj is its projection onto the x-y plane. Both areas can be obtained from the statistical analysis of the AFM images. This latter value ε b represents the biaxial strain relief. For the patterned samples, the same procedure was adopted; however, the ε x and ε y values were calculated for two series of cross-sections: one positioned through the pattern ε This analysis shows that there is a significant difference between the ε b values of the two samples: 0.5% for the un-patterned sample, 1.2% on the patterned area and 0.9% on the un-patterned area for the patterned sample. The patterning seems to constrain the gold film, producing increased wrinkling in the areas adjacent to the patterns. Overall, this analysis indicates that the patterning brings 0.4-0.7% of tensile strain compensation. As failure strains for gold are often measured below 1% [13] , this could represent a significant improvement. However, the contribution from surface chemistry cannot be ruled out. During cure, the PDMS interacts with the ambient (air) and the mould surfaces (glass, exposed SU-8 and unexposed SU-8) and these effects may modify its surface stoichiometry and functionalities. This is investigated in the following section. The XPS spectra (C 1s, O 1s and Si 2p peaks) were obtained for four PDMS surfaces, cured on glass, the air surface, exposed SU-8 (cross-linked) and an unexposed SU-8. Table 1 gathers the results of the peak fitting together with the measured contact angles, displayed in square brackets. Looking at the atomic percentages, one notes Si deficient stoichiometries, probably because a hydrophobic material like PDMS is easily contaminated by hydrocarbons from the ambient. In that regard, one notes that the surface exposed to air for the full duration of the cure (24 h) shows the smallest Si percentage, despite prolonged pumping to ultra-high vacuum and, incidentally, also the highest contact angle. However, the compositions are very similar for the four samples. The table also displays the deconvolutions of these XPS peaks.
The pristine siloxane group can be identified by the main C1s peak at 284.4 eV, assigned to the H 3 -C-Si-O carbon atoms, the main O1s peak at 532.2-532.3 eV, assigned to the Si-OSi oxygen atoms and the Si2p component around 101.8 eV assigned to (C) 2 -Si-(O) 2 silicon atoms. The samples cured on the un-exposed SU-8 surfaces show higher proportion of carbon atoms with slightly higher binding energy (BE). This chemical shift (<1eV) is not large enough to correspond to an oxygen functionality (C-O or C=O, usually above 286 eV) and may be indicative of more C-C or C-H bonds than C-Si bonds. This sample also displays a small change in the O1s spectrum, again with a larger high BE component. This increase in BE (<1 eV) is too small to be assigned to C-O or C=O functionalities. Moreover, the Si2p peak shows no discernable changes. Overall, these results indicate that PDMS samples peeled from the unexposed SU-8 display very slight differences in surface chemistry with respect to the other three samples. It should be emphasized that these are very small variations which are at the limit of the accuracy of the fitting routine. On a polymer like PDMS, the XPS sampling depth is between 5 and 10 nm, hence not particularly sensitive to change in surface chemistry as measured, for instance, by contact angle analysis. Indeed, table 1 indicates that the PDMS peeled from the un-exposed SU-8 has a larger contact angle (115 • ± 2 • ) than PDMS peeled from either the exposed SU-8 (104
• ± 2 • ) or the glass (91 • ± 5 • ), the case of the contaminated air surface having been already discussed. This could indicate that the development of the un-exposed SU-8 leaves a residue which is not fully stabilized within the SU-8 network formed by the post-exposure bake and the hard bake. This could have a direct bearing on the adhesion of the Ti and gold layers and, hence, on the behaviour of the un-patterned and patterned gold/PDMS samples. In fact, the effect of the patterning may be more significant. This is because the photolithographic process was designed to produce rounded features; across the pattern features, there is a continuous variation from full exposure to no exposure. This probably leaves intermediate molecular weight compounds, neither insoluble nor fully washable, even more likely to leave surface residues on the glass. A possible remediation strategy would be to use dielectric barrier discharge in air [14] to increase active oxygen functionalities (C-O and C=O) and optimize adhesion; however, this is beyond the scope of this investigation.
Examining now the result of tensile cycling experiments (0-35% strain) (figure 6), we find that, after 120 cycles, new cracks have appeared on both samples but more so for the un-patterned one. The tensile test was performed on an unpatterned sample and on a patterned sample. In this case, the patterning was done with the SF100 system using SU-8 2000.5. The tensile stress locally orientates the cracks perpendicular to the tensile direction and the ripples parallel to the tensile direction. Indeed, in the patterned sample, the cracks are also shorter and seem to be deflected by the pattern. The corresponding electrical and mechanical data are shown in figure 7 . R i (0% strain) and R f (35% strain) are the resistances at the initial and final portion of the loading segment, respectively. Initially the patterned sample has smaller R i and R f values (15 and 641 ) than the unpatterned sample (385 and 1715 ). Hence, the patterning improves conduction in the metal film. Purely from the geometrical changes imposed by the 35% tensile strain and the lateral Poisson's contraction (ν = 0.45), one would expect a resistance increase of (1 + ε)/(1 − νε) 2 , that is, R f ∼ 1.9 R i . For both samples, R f 1.9 R i . This is because, postdeposition, these micro-cracked films are under compression, and hence there are electrical contact points and lines between gold ligaments, as discussed before (figure 4). These ligaments are the small gold islands, delimited by cracks, which remain conductive. Generally, these ligaments are perpendicular to the tensile direction. In the previous study [9] , statistical analysis of SEM images was used to show that regular crack features are observed on gold/PDMS films, suggesting that the size and characteristics of these film ligaments are also reproducible, for given preparation and applied strain conditions.
During tensile loading, the applied strain is much larger than the strain relief induced by patterning (<1%); here the films are not only bent but also stretched and this results in out-of-plane deflection of gold ligaments and crack widening as described by Mandlik et al [15] . The contacts across the cracks disappear and conduction relies only on current flow between ligaments, hence the dramatic increase in resistance from R i to R f . As the tensile experiments progress, the R(ε) trend changes markedly for the un-patterned sample; after 12 cycles, the resistance of the sample does not recover to the original value and this R i value progressively increases through the tensile cycles. This effect is much smaller for the patterned sample. From cycle number 1 to 120, the R i /R i signal is 270% and 27% for the un-patterned and patterned samples, respectively. In fact, figure 7 demonstrates that the patterned sample resists remarkably well this cycling experiment with very little change in behaviour. Hence the patterning also improves tensile resistance. This observation is consistent with the crack patterns seen in figure 6 . At completion, the tensile experiment left the un-patterned sample with resistances of R i = 1425
and R f = 1744 and the patterned sample with R i = 19
and R f = 638 . The increase in the resistance with the applied strain corresponds to the crack development. The un-patterned samples do not recover to the initial resistance value due to the permanent opening of the cracks. The crack density and dimension are higher for the un-patterned sample ( figure 6(b) ). The equivalent resistivity values for the un-patterned and patterned samples are presented in table 2. In these calculations, the full sample width was 20 mm, ρ i = R i ·w·t/L and ρ f = R f ·w·t/L, with w being much larger than the 2 mm electrode width. In practice, the current lines probably do not fill the full width but follow a circular area; hence our resistivity values are probably overestimated. Despite this, the equivalent ohmic resistivity of the initial patterned surface (4.5 × 10
·cm) is in line with the recent literature values, for instance, Graz et al [16] . This is encouraging and this result seems to be partly due to the ability of the pattern to deflect cracks. 
EVG 620 chromium glass processing
To further exploit this effect, patterned surfaces were prepared using the EVG 620 mask aligner system with a high-resolution photomask and a resist of intermediate viscosity . This gave patterns with higher resolution and aspect ratio yet without the detrimental cracked edge effect observed in figure 4 for SU-8 50. Figure 8 shows AFM and optical micrographs of the mask as well as AFM and SEM micrographs of the resulting PDMS egg-box structure. Figure 9 shows the resulting gold/PDMS pattern. The AFM cross-sectional profile gives strain relief ε ∼ 9.45% and an aspect ratio λ/A = 3. Again, the pattern protects the film with many fewer cracks on the patterned area than on the unpatterned one ( figure 9(b) ). Moreover, the cracks seen in the patterned area are clearly deflected by the features (figures 9(d) and 6(b)). In this sample, no delamination were observed. A delamination is defined as a total removal of the metallic film over a certain area, for instance, as shown in the bottom inset of figure 4(a) for the un-patterned sample. The increased crack length seen in figure 9(d) corresponds to a toughening effect. Mandlik et al [15] showed that nano-patterning of a gold layer on PDMS decreased the electrical resistance of the stretched sample. He also found that this effect was stronger when the pattern was misaligned with the tensile direction. These authors provide no explanation for the observed effect. In light of what is seen in figure 9 , we believe that the effect observed by Mandlik [15] is also due to crack deflection by pattern features; with an aligned pattern, the cracks can extend over large lengths, while with a misaligned pattern, they meet the pattern feature and hence are shorter. A chequer pattern would represent an improvement; an optimal pattern would be one with randomly oriented features of high aspect ratio in order to slow down cracks coming from any random directions.
The pressure sensor
These promising results were exploited by using the technique to prepare prototype conformal pressure sensors, as described above and as seen in figure 2: un-patterned (U), patterned on SU-8 3025 without embedding (P) and patterned on SU-8 3025 with embedding (PE). The testing was carried out by placing weights on top of the device, thus resulting in compression and stretching of the device. At the macro-level, these devices are thin plate capacitors with high aspect ratio (length/thickness), hence displaying minimal fringing effects. At the micron level, the gold flakes and thickness are both of similar magnitude (low aspect ratio); however the small width of the cracks (sub-micron) means that each gold flake acts as a guard electrode [16] for its neighbours and, therefore, in this case again, the devices act as thin plate capacitors. Firstly, it was found that the three devices (U, P and PE) behaved as expected with electrical continuity in the top and bottom electrodes and pure capacitive behaviour for the sensor. Moreover, these sensors were mechanically resilient; the electrical characteristics of the electrodes and device were the same before and after pressurization. The electric behaviour of the bottom electrodes is shown in figure 10(a) . The pattern protects the bottom electrode (P sample), its impedance modulus remains below 1 k for the entire pressure range whereas that of the un-patterned bottom electrode (U sample) rises to 5.5 M above 2 kPa. The Nyquist (Z versus Z ) and Bode plots (frequency versus /Z/) (figure 11) also show that this corresponds to an increase of the capacitive impedance whereas the patterned electrode (figure 11) remains resistive up to 30 kPa. Figure 11 shows the change in phase from 0 (corresponding to the resistive regime) to −100 (corresponding to the capacitive regime) for the unpatterned sample, whereas, in the case of the patterned sample, the phase remains close to zero upon compression. The Nyquist plots give corroborating results; the 9 kPa compressed un-patterned sample displays a Nyquist graph parallel with the Y-axis in the negative region which corresponds to a capacitive behaviour. This does not happen for the patterned sample. These results are most likely due to the opening of cracks in the gold film which becomes discontinuous [17] . The top electrode is significantly protected by the embedded PDMS layer. Around 1 kPa, the impedance of the U and P top electrodes becomes capacitive and rises sharply to ∼2 M . For the PE top electrode, the impedance remains resistive, in the k regime until 6 kPa. These sharp increases of impedance are caused by the friction between the weight and the gold surface and the lateral Poisson stresses resulting from the elastomer, as experienced, for instance by bonded rubber discs [18] . This combined action produces tensile and shear stresses on the gold surface and possibly the twisting of gold ligaments. The top PDMS layer obviously mitigates this effect. Figure 10 (b) also shows the impedance modulus of the PE capacitive device (top to bottom contacts) in the subkPa regime; it displays a linear behaviour with small relative errors (<1%). However, at higher pressure the behaviour is nonlinear, possibly due to gold ligament shearing in the top electrode as discussed above. In that sense, the sensor is partly piezo-resistive. Despite this, the sub-kPa pressure sensitivity ( Z/Z)/P is 0.14 kPa −1 and compares well with sensitivity values published in many previous studies: 0.05 kPa −1 [19] , 0.008 kPa −1 [20] , 0.005 kPa −1 [21] , 0.02 kPa −1 [22] . A recent study [23] of the capacitive pressure response of a microstructured PDMS film gave a larger sensitivity value of 0.55 kPa −1 ; however, here again the behaviour was nonlinear and the device contained a thermoplastic top electrode, a PET substrate and hence was not stretchable. Indeed, the prototype prepared in this study is the only truly stretchable device operating in this low-pressure regime and should permit the elaboration of conformal pressure sensors, if tested at higher pressure than probed in this study. This potential conformality represents a real advantage for a number of bioengineering applications such as the elaboration of artificial skin or interfacial measurement systems for the early detection of pressure ulcers [24] .
Conclusion
The use of photolithographic 3D surface structuring has been investigated to prepare resilient stretchable conductors and pressure sensors based on the gold/PDMS system. The rationale for such a process is to increase the specific surface area of the metal film and hence bring bi-axial tensile strain relief and improve tensile behaviour. Microscopic analysis shows fewer cracks on the patterned surfaces with pattern features deflecting the cracks in the gold film. An interesting development, beyond the scope of this study, would be to prepare randomly oriented patterns with high aspect ratio features, which would toughen the film in any random biaxial direction. This study also demonstrates that the patterns protect the films against repeated tensile cycling, although both samples remained conducting after the completion of 120 cycles. The extrapolated resistivity value of the patterned sample (4.5 × 10 −5 cm) compares well with previously published data. However, XPS and contact angle analyses indicate that the patterning process slightly modifies the surface chemistry. This method was used to prepare capacitive strain gauges with pressure sensitivity of 0.14 kPa −1 in the sub-kPa regime. Such stretchable and potentially conformal low-pressure sensors have not been produced before and could prove advantageous for smart fabric and sensing applications.
